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distribution	of	Amazonian	 trees	 and	 their	 population	genetic	 variation.	We	 tested	
whether	five	widespread	tree	species	show	congruent	phylogeographic	breaks	and	
similar	 patterns	 of	 demographic	 expansion,	 which	 could	 be	 related	 to	 proposed	
Pleistocene	refugia	or	the	presence	of	geological	arches	 in	western	Amazonia.	We	
sampled	Otoba parvifolia/glycycarpa	(Myristicaceae),	Clarisia biflora,	Poulsenia armata,	
Ficus insipida	 (all	Moraceae),	 and	 Jacaratia digitata	 (Caricaceae)	 across	 the	western	















K E Y W O R D S
Amazon	biogeography,	genetic	diversity,	late	successional	species,	phylogeography,	pioneer	
species
2  |     HONORIO CORONADO et Al.
1  | INTRODUC TION
Comparative	 phylogeography	 has	 the	 potential	 to	 elucidate	 the	
demographic	history	of	co-occurring	species	at	 large	spatial	scales	
since	different	organisms	are	expected	 to	accumulate	 similar	geo-
graphic	 genetic	 signatures	 in	 response	 to	 common	 historical	 bio-
geographic	 drivers	 (Avise	 et	 al.,	 1987).	 For	 example,	 congruent	
geographic	 patterns	 of	 genetic	 diversity	 and	 divergence	 among	




the	Neotropics,	 comparative	phylogeographic	 studies	of	 tree	 spe-
cies	 have	 focused	 on	 relating	 common	phylogeographic	 breaks	 to	
geological	events,	such	as	the	rise	of	the	Andes	(Dick,	Lewis,	Maslin,	
&	Bermingham,	2013;	Jones,	Cerón-Souza,	Hardesty,	&	Dick,	2013)	
or	 the	 boundary	 of	 Pliocene	 islands	 in	Central	 America	 (Poelchau	
&	Hamrick,	 2013).	 In	western	Amazonia,	 common	 patterns	 of	 ge-
netic	differentiation	among	communities	of	Inga	species	(Fabaceae)	
were	reported	across	a	250-km	transect,	which	were	used	to	argue	
for	a	 zone	of	 secondary	contact	between	 two	historically	 isolated	
communities	 that	 were	 fragmented	 by	 a	 common	 event	 (Dexter,	
Terborgh,	&	Cunningham,	2012).




1998).	 In	 plants,	 paleoarches	 such	 as	 the	 Iquitos	 and	 Fitzcarrald	
arches	 also	 correlated	 well	 with	 some	 of	 the	 genetic	 groups	 de-
tected	 in	microsatellite	markers	for	Theobroma cacao	 (Malvaceae),	
a	widespread	tree	species	in	the	Amazon	(Motamayor	et	al.,	2008),	



















specific	 genetic	 diversity,	 while	 populations	 in	 recently	 colonized	
areas	would	have	low	levels	of	genetic	diversity	(Dauby	et	al.,	2014;	
Petit	et	al.,	2003).	Although	the	existence	of	such	refuges	for	low-
land	 species	 in	 Amazonia	 has	 been	 suggested	 to	 be	 controversial	
(Colinvaux,	De	Oliveira,	&	Bush,	2000),	more	recent	studies	indicate	
considerable	impacts	of	glacial	climates	on	Amazonia	(Anhuf	et	al.,	




1982),	which	 suggested	multiple	 separate	 refugia	 in	 northwestern	
Amazonia.
If	rain	forest	tree	species	experienced	shifts	in	their	distribution	










(SWA).	 Palynological	 studies	 also	 suggest	 the	 recent	 expansion	of	
the	Amazon	rain	forest	in	SWA	(Mayle,	Burbridge,	&	Killeen,	2000),	
which	would	 be	 consistent	with	 Amazonian	 expansion	 during	 the	
current,	wetter,	interglacial.
The	potential	of	paleoarches	and	Pleistocene	refugia	to	drive	
common	 phylogeographic	 patterns	 across	 multiple	 tree	 species	
has	 not	 been	 tested	 at	 a	 large	 spatial	 scale	 across	 the	 western	
Amazon	 basin.	 Given	 the	 independent	 nature	 of	 the	 sampling	
schemes	and	different	 spatial	 scales	of	previous	 studies	 (Dexter	









genetic	 diversity	 and	 population	 genetic	 structure.	 In	 particular,	
using	plastid	and	nuclear	markers	sampled	in	34	locations	across	
2,500	km	of	geographic	distance,	we	test:
1.	 If	 there	 are	 concordant	 areas	 of	 genetic	 differentiation	 across	
populations	 of	 the	 five	 tree	 species,	 which	 would	 suggest	
common	 underlying	 reasons	 for	 phylogeographic	 congruence,	
due	 either	 to	 a)	 geological	 paleoarches	 such	 as	 the	 Fitzcarrald	
Arch	 or	 b)	 the	 contraction	 of	 populations	 into	 refugia	 during	
Pleistocene	 climate	 cycles.
2.	 If	 species	 show	 a	 genetic	 signature	 of	 population	 expansion	 in	
the	 same	 geographic	 areas,	 and	 particularly	 in	 southwestern	
Amazonia.
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2  | MATERIAL S AND METHODS
2.1 | The study species
We	 studied	 five	 widespread	 tree	 species	 that	 have	 overlap-
ping	 ranges	 in	 western	 Amazonia.	 Otoba parvifolia/glycycarpa 
(Myristicaceae),	Clarisia biflora	 Ruiz	&	Pav.,	 and	Poulsenia armata 










Gentry	 that	 was	 not	 consistently	 distinguished	 morphologically	
from	O. glycycarpa	 (Ducke)	W.	Rodrigues	&	T.S.	 Jaramillo.	 These	
two	 species	 were	 also	 not	 distinguished	 genetically	 using	 trnH-
psbA	sequences	(E.N.	Honorio,	unpublished	data).	Here,	they	are	
treated	as	one	group	of	samples	(O. parvifolia/glycycarpa)	because	
both	 genetic	 evidence	 and	morphological	 evidence	 suggest	 that	
they	are	the	same	species.	The	phylogeographies	of	four	species	








carpa,	19	for	C. biflora,	12	for	P. armata,	23	for	F. insipida,	and	17	for	
J. digitata.	Sample	sizes	per	population	ranged	from	1	to	19	(mean	=	7	







Our	sampling	spans	 the	Fitzcarrald	Arch	 (FA),	a	geological	 fea-
ture	that	divides	the	Amazonia	 into	a	northern	and	southern	fore-













2.3 | DNA extraction and sequencing
Total	 genomic	DNA	was	 extracted	 using	 the	CTAB	method	 (Doyle	
&	Doyle,	1987)	for	most	species,	while	the	DNeasy®	Plant	Mini	Kit	
(Qiagen)	was	used	for	O. parvifolia/glycycarpa.	Seven	plastid	markers	
were	 tested	 for	 amplification	 and	 sequencing:	 rpl32‐trnL, trnQ-5'-
rps16,	 3'trnV-ndHC,	 atpI-atpH,	 trnD-trnT,	 trnH-psbA,	 and	 trnL-trnF	







TA B L E  1  Ecological	characteristics	of	the	five	studied	western	Amazonia	tree	species
Species (Family) Floral sexualitya Pollen dispersa1a Seed dispersal Geographic distribution
Otoba parvifolia/
glycycarpa(MYRISTICACEAE)
Dioecious Insects	(beetles?) Vertebrates	(bats) Central	America,	northern	Andes	
and	western	Amazonia
Clarisia biflora (MORACEAE) Dioecious ? Vertebrates? Mesoamerica,	northern	Andes	and	
western	Amazonia
Poulsenia armata (MORACEAE) Monoeciousb Insects	(thrips) Vertebrates	(bats) Mesoamerica,	northern	Andes	and	
western	Amazonia
Ficus insipida (MORACEAE) Monoeciousc Insects	(wasps) Vertebrates	(fish,	bats) Mesoamerica,	northern	Andes	and	
western	Amazonia
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1%	 agarose	 gel	 electrophoresis,	 and	 products	 were	 purified	 using	










2.4 | Genetic diversity and haplotype definition
Genetic	 variation	 in	 each	 species	was	 recorded	 as	 the	 number	 of	
nucleotide	substitutions,	indels,	and	inversions,	the	number	of trnH‐
psbA	haplotypes	and	ITS	ribotypes,	and	the	number	of	private	hap-
lotypes	and	ribotypes	 (i.e.,	 the	number	of	haplotypes	or	 ribotypes	
F I G U R E  1  Map	with	the	location	of	sampled	localities,	the	Fitzcarrald	Arch	and	the	two	regional	groups	(NWA,	northwest	Amazon	and	
SWA,	southwest	Amazon).	Areas	proposed	as	refugia	for	plants	by	Prance	(1982)	are	indicated	in	dotted	lines.	The	Andean	Cordillera	is	
indicated	by	low	altitudes	in	light	gray	(400–1200	m.a.s.l.)	and	higher	altitudes	in	dark	gray
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unique	 to	each	population).	Genetic	diversity	was	computed	 inde-
pendently	for	each	species	using	the	trnH‐psbA	and	ITS	sequences	
by	 estimating	 the	 probability	 that	 two	 individuals	 carry	 distinct	
haplotypes	or	ribotypes	(h)	and	the	mean	genetic	distance	between	
haplotypes	or	ribotypes	of	two	distinct	individuals	(v)	averaged	over	





ITS	 sequences	 using	 statistical	 parsimony	 in	 the	 package	 “pegas”	
(Paradis,	 2010)	 in	 the	 R	 Statistical	 Software	 v.	 2.15.2.	 Individual	
indels	 and	 inversions	were	 treated	 as	 single	mutation	 events.	We	
mapped	the	distribution	of	haplotypes	and	ribotypes	using	ArcMap	
v. 10.3.
2.5 | Differentiation and population 
genetic structure
A	pattern	of	 isolation	by	distance	was	assessed	 independently	 for	
trnH‐psbA	 and	 ITS	 sequences	 by	 Mantel	 test	 using	 the	 package	
“adegenet”	in	the	R	Statistical	Software.	Specifically,	we	compared	
overall	Nei's	pairwise	genetic	distance	among	populations	and	the	
logarithm	 of	 the	 Euclidean	 geographic	 distances.	 The	 significance	
of	 the	 relationship	 was	 tested	 with	 10,000	 permutations.	 Global	
genetic	differentiation	between	populations	was	assessed	by	com-
puting	GST	(=	1−hS/hT)	that	makes	use	only	of	haplotype	or	ribotype	





A	 spatial	 analysis	 of	 molecular	 variance	 (SAMOVA)	 was	 per-
formed	 for	 each	 species	 for	 trnH‐psbA	 and	 ITS	 sequences	 using	
Samova	 v.	 1.0	 (Dupanloup,	 Schneider,	 &	 Excoffier,	 2002)	 to	 de-
termine	 the	 position	 of	 genetic	 breaks	 among	 populations.	
Several	runs	were	performed	using	increasing	numbers	of	groups	
(k	=	1−20)	and	100	annealing	simulations	for	each	k.	In	each,	pop-
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compare	 the	 observed	 and	 simulated	 distributions	were	 based	on	
Harpending's	raggedness	index	(HRI)	using	1,000	parametric	boot-
strap	 replicates	 (Harpending,	 1994).	 All	 tests	 were	 performed	 in	
Arlequin	v.	3.5	(Excoffier	&	Lischer,	2010).
2.7 | Regional patterns
The	 number	 of	 haplotypes/ribotypes	 and	 private	 haplotypes/ri-






3.1 | Genetic diversity and haplotype definition
A	total	of	674	individuals	were	sequenced	for	the	trnH-psbA	marker	
and	214	individuals	for	ITS.	Total	length	of	the	regions	varies	among	
F I G U R E  2   (Continued)
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species	 from	 333	 to	 527	 base	 pairs	 for	 trnH-psbA	 and	 from	 607	
to	652	bp	 for	 ITS	 (Table	2).	We	failed	 to	obtain	 ITS	sequences	 for	
O. parvifolia/glycycarpa.
For	trnH-psbA,	16	haplotypes	were	defined	 in	O. parvifolia/gly‐
cycarpa	 and	C. biflora,	 12	 in	F. insipida,	 seven	 in	P. armata,	 and	 six	
in	J. digitata	(Table	2;	Figure	2a).	Most	species	have	at	least	50%	of	
haplotypes	 unique	 to	 a	 given	 population	 (private	 haplotypes),	 ex-
cept	 for	P. armata	 for	which	nearly	all	haplotypes	occurred	 in	 two	
or	more	populations	(Table	2).	Overall	diversity	values	for	trnH-psbA	
sequences,	estimated	by	hT	and	vT,	were	high	in	O. parvifolia/glycy‐
carpa,	C. biflora,	and	P. armata	(over	0.87),	slightly	lower	in	F. insipida 
(0.71),	and	much	lower	in	J. digitata	(0.57)	(Table	2).
For	 ITS,	 27	 ribotypes	were	 defined	 in	C. biflora,	 seven	 in	 P. ar‐
mata,	 four	 in	F. insipida,	 and	 three	 in	 J. digitata	 (Table	2;	 Figure	2b).	
50%	of	ribotypes	were	private	to	a	given	population	in	C. biflora	and	
F. insipida	 (Table	2).	Overall	 diversity	values	 for	 ITS	 sequences,	 esti-
mated	by	hT	and	vT,	were	high	in	C. biflora	and	P. armata	 (over	0.80),	
much	lower	in	F. insipida	(0.14),	while	measures	were	not	available	for	




All populations SAMOVA groups
Among pops (%) Within pops (%) N groups Among groups (%)
Among pops 
within groups (%) Within pops (%)
trnH-psbA
O. parvifolia/glycycarpa 92.44** 7.56N.S. 3 60.71** 35.00** 4.29**
C. biflora 91.20** 8.80N.S. 3 46.15** 47.31** 6.54**
P. armata 97.85** 2.15N.S. 3 92.05** 6.44** 1.51**
F. insipida 66.94** 33.06N.S. 3 66.82** 13.01** 20.17**
J. digitata 99.79** 0.21N.S. 3 96.83** 3.08** 0.08**
ITS
C. biflora 55.28** 44.72N.S. 3 60.76** 3.79** 35.45**
P. armata 96.28** 3.72N.S. 2 90.92** 7.63** 1.45**
F. insipida 6.99N.S. 93.01N.S. 1 N.A. N.A. N.A.
J. digitata N.A. N.A. 1 N.A. N.A. N.A.
Abbreviations:	N.A.,	not	applicable;	N.S.,	not	significant
*p < 0.05. 
**p < 0.005. 
TA B L E  4  Number	of	haplotypes	and	private	haplotypes,	genetic	diversity,	and	demographic	estimates	for	trnH‐psbA	sequences	in	five	
western	Amazonian	tree	species	for	each	geographic	region
Region O. parvifolia/glycycarpa C. biflora P. armata F. insipida J. digitata
N°	samples/N°	populations
NWA 108/14 71/12 23/5 112/12 42/6
SWA 78/8 53/7 38/7 70/11 79/11
N°	haplotypes/N°	private	haplotypes
NWA 13/12 10/9 4/3 10/7 4/4
SWA 4/3 7/6 4/3 5/2 2/2
Overall	genetic	diversity	vT ± SE
NWA 0.96 ± 0.13 0.96 ± 0.10 0.81	±	0.18 0.81	±	0.17 0.90 ± 0.05
SWA 0.67	±	0.21 0.95 ± 0.19 0.93	±	0.07 0.60 ± 0.25 0.03 ± 0.03
Neutrality	test	Fu´s	Fs	(p-value)
NWA −0.24	(0.52) 0.03	(0.59) 2.27	(0.88) −0.16	(0.52) 21.51	(1.00)
SWA 5.37	(0.96) 0.94	(0.74) 7.32	(0.99) 0.87	(0.70) −2.02	(0.03)
Mismatch	distribution	HRI	(p-value)
NWA 0.14	(0.00) 0.06	(0.09) 0.15	(0.51) 0.04	(0.77) 0.25	(0.00)
SWA 0.15	(0.31) 0.06	(0.30) 0.17	(0.60) 0.11	(0.60) 0.90	(0.93)
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J. digitata	because	it	showed	no	intrapopulation	genetic	variation	for	
ITS	(Table	2).
3.2 | Differentiation and population 
genetic structure
For	 trnH-psbA,	 the	Mantel	 test	 between	 genetic	 and	 geographic	
distances	showed	significant	isolation	by	distance	for	only	two	spe-
cies,	C. biflora	 and	 J. digitata	 (Table	2).	Otoba parvifolia/glycycarpa 
had	 highly	 divergent	 haplotypes	 and	 significant	 phylogeographic	
structure	 (Table	2).	The	most	divergent	populations	were	 located	
in	 northern	 (haplotype	 3)	 and	 southern	 Peru	 (haplotypes	 10	 and	
14).	Clarisia biflora	had	a	group	of	closely	 related	haplotypes,	 and	
most	populations	had	single	haplotypes.	Poulsenia armata	showed	
significant	 phylogeographic	 structure	 (Table	 2)	 with	 the	most	 di-
vergent	region	occurring	in	southern	Peru	and	Bolivia	(H5,	H6,	and	
H7).	 Ficus insipida	 showed	 significant	 phylogeographic	 structure	
(Table	 2)	 although	 haplotypes	 were	 not	 highly	 divergent.	 In	 this	
species,	 two	 haplotypes	 (H1	 and	 H4)	 were	 widely	 distributed	 in	
most	populations.	Jacaratia digitata	displayed	highly	divergent	hap-
lotypes	among	which	one	(H1)	was	widely	distributed	in	all	popula-
tions	of	 southern	Peru	and	Bolivia.	 In	 this	 species,	populations	 in	
Ecuador	and	northern	Peru	hosted	the	most	divergent	haplotypes	
(Figure	2a).
For	 ITS,	 the	Mantel	 test	 between	 genetic	 and	 geographic	 dis-
tances	did	not	show	significant	isolation	by	distance	for	any	species	















with	 values	 of	 genetic	 differentiation	 (ΦCT)	 of	 0.68	 for	 F. insipida,	
0.97	 for	 J. digitata,	 0.46	 for	C. biflora,	 0.92	 for	P. armata,	 and	0.61	
for	O. parvifolia/glycycarpa.	For	ITS,	F. insipida	and	J. digitata	showed	
no	 geographic	 genetic	 structure	 (Figure	 2b),	 while	 three	 groups	
were	defined	for	C. biflora (ΦCT	=	0.61)	and	two	groups	for	P. armata 
(ΦCT	=	0.92).
3.3 | Historical demographic analysis
Neutrality	 tests	 for	 the	 trnH-psbA	 and	 ITS	 sequences	 were	 not	
significant	 in	most	species	 (p	>	0.02;	Table	2),	except	 for	C. biflora 
and	 marginally	 for	 F. insipida,	 both	 for	 ITS.	 A	 unimodal	 mismatch	
distribution	was	only	observed	 in	C. biflora	 for	 trnH-psbA	and	 ITS.	
















4.1 | No concordant areas of genetic differentiation
Across	five	Amazonian	rain	forest	tree	species,	we	did	not	find	evi-
dence	for	shared	phylogeographic	break	that	could	have	been	con-
gruent	 with	 either	 geological	 paleoarches	 or	 putative	 Pleistocene	
refugia.	 Of	 the	 various	 geological	 paleoarches	 in	 the	 Amazon	
(Motamayor	 et	 al.,	 2008),	 our	 sampling	was	best	 suited	 to	 testing	
the	 influence	of	the	Fitzcarrald	Arch	on	phylogeographic	patterns,	
but	we	 failed	 to	 find	 congruent	 genetic	 differentiation	 associated	
with	 this	 feature.	This	contrasts	with	 the	study	of	 Inga	 species	by	
Dexter	et	al.	 (2012),	but	it	 is	important	to	note	that	only	10	of	the	








in	 this	 area.	 If	 there	 have	 been	 such	multiple	 refugia,	we	would	
expect	species	to	have	congruent	phylogeographic	breaks	 in	the	
areas	between	 them.	We	 found	no	such	evidence	 for	 congruent	
phylogeographic	breaks	across	the	western	Amazon	basin.	Our	re-
sults	contrast	with	those	of	a	comparative	phylogeographic	study	
in	 tropical	 areas	of	Atlantic	Central	Africa	 that	 found	 congruent	
genetic	patterns	 in	 five	of	 eight	 tree	 study	 species	 supporting	 a	
scenario	 of	 past	 forest	 fragmentation	 caused	 by	 glacial	 climate	
change	 (Dauby	et	al.,	2014).	By	using	 four	densely	sampled	spe-
cies,	Heuertz,	Duminil,	Dauby,	Savolainen,	and	Hardy	(2014)	also	
found	 a	 common	 genetic	 break	with	 differentiation	 of	 northern	
and	 southern	 populations	 in	 the	 same	 region	 of	 Central	 Africa.	
Our	contrasting	results	may	indicate	that	there	has	been	greater	










and	 introgression	after	hybridization	with	close	 relatives	 could	also	
increase	 the	genetic	distance	between	 lineages	 in	different	 regions	
(e.g.,	F. insipida	and	F. adhatodifolia;	da	Costa	et	al.,	2017).
4.2 | Common genetic patterns
A	 regional	 signal	 of	 low	 overall	 genetic	 diversity	 in	 SWA	 for	 the	
plastid	marker	was	observed	 in	 J. digitata,	 and	 to	a	 lesser	degree	
for	O. parvifolia/glycycarpa	and	F. insipida.	This	 regional	pattern	 is	
consistent	with	 the	postglacial	 rain	 forest	expansion	 reported	on	
the	 southern	margin	 of	 the	 Amazon	 rain	 forest	 in	 Bolivia,	 based	
on	pollen	and	charcoal	records	(Burbridge,	Mayle,	&	Killeen,	2004;	









Our	results	showed	lower	overall	genetic	diversity	 in	J. digitata 
and	F. insipida	compared	to	the	shade-tolerant	species.	Lowe	et	al.	
(2018)	suggested	that	neotropical	pioneer	species	accumulate	lower	
genetic	 diversity	 within	 populations	 and	 greater	 genetic	 diversity	
among	 populations	 than	 late	 successional	 species	 due	 to	 the	 loss	
of	 genetic	 diversity	 by	bottlenecks.	However,	 our	 results	 contrast	
with	those	of	Lowe	et	al.	(2018)	in	that	we	found	less	spatial	genetic	
structure	in	pioneers	than	shade-tolerant	species.	This	may	be	due	








no	 genetic	 differentiation	 among	 populations	 for	 ITS	 compared	 to	
shade-tolerant	species.	The	lack	of	genetic	diversity	for	ITS	may	re-






2001),	 respectively.	Sphingid	moths	are	 large	 in	size	and	have	been	
shown	to	fly	over	300	m	between	flowering	trees	in	the	Neotropics	
(Pithecellobium elegans;	Chase,	Moller,	Kesseli,	&	Bawa,	1996).	Wasps	
that	 pollinate	monoecious	 fig	 species	 such	 as	F. insipida	 have	 been	



































In	 sum,	 our	 results	 suggest	 that	 idiosyncratic	 dispersal	 and	
ecological	 differences	 among	 species	 together	 played	 key	 roles	 in	
shaping	patterns	of	genetic	diversity	in	neotropical	rain	forest	tree	
species.	This	would	explain	why	this	comparative	phylogeographic	
study,	 and	 most	 prior	 studies	 of	 individual	 species	 (e.g.,	 Dick	 et	
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